We report the application of dried Ag hydroxylamine-reduced colloidal drops to surface-enhanced (resonance) Raman scattering (SE(R)RS) study of biomolecules using Raman microspectroscopy. 5,10,15,20-tetrakis(1-methyl-4-pyridyl)porphyrin (TMPyP), amino acid tryptophan, and phospholipid 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) served as testing biomolecules. Ag colloid/biomolecule drop dried on glass support forms a ring in the edge part of the drop in which almost all nanoparticles are clustered. This specific drying process promotes adsorption of the studied biomolecules in highly enhancing sites ("hot spots") as well as concentrates them in the ring. We were able to obtain SE(R)RS spectra from the ring that cannot be acquired directly from Ag colloidal solutions (SERRS spectrum of 1 × 10 −10 M TMPyP by 1 s accumulation time, SERS spectrum of 2 × 10 −7 M DSPC). Despite the spectral irreproducibility and problems with spurious bands in some cases, SERS microspectroscopy of studied biomolecules using dried Ag colloid/adsorbate systems improves SERS applicability and sensitivity in comparison to measurements directly from Ag colloidal solution.
Introduction
Surface-enhanced Raman scattering (SERS) spectroscopy is a very useful detection and analytical technique thanks to the enhancement of Raman scattering for molecules adsorbed on rough metal surfaces [1, 2] . The enhancement is usually up to 10 6 , but selective excitation of extremely highenhancing sites ("hot spots") can give SERS enhancement of the order of 10 12 allowing even singlemolecule detection [1, 2] .
Silver and gold colloidal suspensions prepared by chemical reduction still belong to popular SERS-active substrates because of their simple and cheap preparation and sufficient SERS enhancement. Drawbacks of colloidal solutions are their low spectral reproducibility due to the colloid aggregation which generally increases SERS enhancement, but is very difficult to control [2] . Moreover, the diffusion of aggregates in the solution causes signal fluctuations. More stable SERS substrates can be obtained by immobilization of colloidal nanoparticles on glass via silane [3, 4] or by drying [2, 4, 5] . In the latter case, during the evaporation of a colloidal or colloid/adsorbate drop on glass surface the "coffee ring effect" [6] causes formation of a ring at the contact line of the drop containing most of the nanoparticles. Aggregation of the nanoparticles upon drying can create fractal-like aggregates with "hot spots" [2] . One can expect that drying promotes adsorption of the studied compound in such highly enhancing sites as well as concentrates it in the ring. Although dried drops are neither uniform nor reproducible substrates [2] , SERS measurement from the ring can bring some advantages in comparison to measurement directly from the colloidal solution.
In this contribution we report the application of dried Ag hydroxylamine-reduced colloidal drops to SE(R)RS study of biomolecules using Raman microspectrometer. We chose 5,10,15,20-tetrakis(1-methyl-4-pyridyl)porphyrin (TMPyP), amino acid tryptophan, and phospholipid distearoylphosphatidylcholine (DSPC) as testing biomolecules.
Experimental
AgNO 3 , NH 2 OH·HCl, NaOH, 5,10,15,20-tetrakis(1-methyl-4-pyridyl)porphyrin (TMPyP) and Ltryptophan were purchased from Sigma-Aldrich and 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) from Avanti Polar Lipids, Inc. Deionized water of a specific resistance of 18 MΩcm was used. Liposomes of ∼400 nm in diameter were prepared by extrusion of 1 mg/mL (1.3 mM) DSPC water suspension through a polycarbonate membrane filter of the LiposoFast-Basic apparatus (Avestin, Inc.) [7] .
Ag colloid was prepared by reduction of AgNO 3 by hydroxylamine hydrochloride [8] according to protocol used in [5] . Aqueous solution of the biomolecules was mixed with Ag colloid to obtain the desired concentration and ∼2 µL of the colloid/biomolecule mixture was dropped by pipette on a clean glass slide (cleaned with diluted HNO 3 and ethanol). The drop was left to dry at room temperature for approximately 45 min. SE(R)RS spectra were recorded by a confocal Raman microspectrometer LabRam HR800 (Horiba Jobin Yvon) equipped with a 600 grooves/mm grating and a nitrogen-cooled CCD detector. Objectives (100x, NA = 0.9 or 50x, NA = 0.7) provided 1-2 µm laser spot on the sample. Excitation lines 514.5 nm of an Ar + laser (Melles Griot, power ∼0.19 mW at the sample) and 632.8 nm of an internal He-Ne laser (∼0.07 mW at the sample) were used. Spectra were collected at room temperature (20 • C). Microscopic images of the dried drops were taken by the built-in digital camera using objectives 5x and 50x.
Results and Discussion
Ag colloid mixed with TMPyP, tryptophan, or DSPC dropped carefully on clean glass surface forms a ring in the edge part of the drop in which almost all nanoparticles are clustered. An example of such structure is shown in Figure 1 for the Ag hydroxylamine-reduced colloid with TMPyP (1 × 10 −7 M concentration). The ring consists of big aggregates of colloidal nanoparticles and crystals of NaCl coming from the colloid preparation. Formation of a clearly distinguishable ring was observed for various TMPyP concentrations, that is, for different aggregation states of the colloid, including strongly aggregated (1 × 10 −6 M) and nonaggregated (1 × 10 −9 M and lower) Ag colloid/TMPyP systems, although the ring had different width for each particular TMPyP concentration. TMPyP is a suitable molecule for SERS because it provides high SERS signal owing to its structure and positive charge which helps adsorption on the Ag nanoparticles surrounded by negative ions. We measured the concentration dependence of SERRS spectra of TMPyP at 514.5 nm excitation in the concentration range 1 × 10 −6 M-1 × 10 −10 M and 1 s accumulation time (it is resonance Raman scattering because the excitation falls into an absorption Q-band of TMPyP). An example of the SERRS spectrum of 1 × 10 −8 M TMPyP is demonstrated in Figure 2 (spectrum (a) ). It shows signs of metalation (bands at 1364 cm −1 and 1562 cm −1 ), belonging to a metalation form in which Ag(0) atoms (probably induced by chlorides present in the colloid from the reduction agent) are incorporated into the porphyrin macrocycles [9] . Spectral features of TMPyP (marked in the spectrum (a) on Figure 2 ) were observed for all studied TMPyP concentrations (even for 1 × 10 −10 M) although some other bands not assigned to TMPyP can be seen. These spurious spectral bands (fluctuating narrow bands in the spectral region 1200-1700 cm −1 and/or two broad bands with maxima at ∼1350 cm −1 and ∼1580 cm −1 ) come from carbon species contamination and/or burning of the sample [4] . However, in the case of dried drops, problems with spurious bands were negligible compared to Ag nanoparticles immobilized by silane [4] . We have to emphasize that SERRS spectra of such low TMPyP concentrations (1 × 10 −10 M detected even by 1 s accumulation time) cannot be measured directly from Ag colloidal solution.
SERS spectra of tryptophan obtained using Ag colloids have been reported in the literature recently [10] [11] [12] , but the results significantly differ from each other. Such discrepancy can be explained by particular experimental conditions (pH, used Ag colloid and its activation, mode of adsorption, and consequently orientation of tryptophan on the surface, etc.). We measured SERS spectra of 1 × 10 −5 M tryptophan at 632.8-nm excitation. An example is spectrum (b) in Figure 2 . We have to note that our SERS spectra of tryptophan are completely different than that obtained by Aliaga et al. [10] from the same SERS system (dried hydroxylamine-reduced Ag colloid/tryptophan drop) but in good agreement with Raman spectra measured from Ag colloidal solutions [11, 12] and solid powder [12] . In Figure 2 , spectrum (b), only spectral bands that can be surely assigned to tryptophan are marked [12] . We note that some spurious bands caused by burning of the sample might occur at certain spots and/or using higher laser power.
SERS studies of lipids using Ag colloidal solutions have not been reported up to now. Presence of both positive and negative charges on lipid heads makes adsorption of lipids on colloidal nanoparticles difficult. Moreover, long lipid chains could hinder nanoparticles aggregation. We were able to obtain SERS spectra of DSPC in 2 × 10 −6 M and 2 × 10 −7 M concentrations from dried Ag colloidal drops using 632.8 nm excitation. DSPC was prepared in the form of liposomes which are spherical lipid bilayers and represent a good model of biological membranes. An example of the SERS spectrum of DSPC in 2 × 10 −6 M concentration with marked spectral bands of the phospholipid is shown in Figure 2 (spectrum (c)). Spectral features agree with those of normal Raman spectra of phosphatidylcholine [7, 13] although some spurious bands occurred. No SERS spectra of DSPC were obtained directly from Ag colloidal solution at the same concentration.
Conclusions
Ag hydroxylamine-reduced colloid/biomolecule drop dropped carefully on clean glass surface forms a ring in the edge part of the drop in which almost all nanoparticles are clustered. It seems that drying process promotes adsorption of some analytes (e.g. lipids) on Ag nanoparticles and "hot spots" providing enormous SERS enhancement are created inside the ring. Thus, using this structure, SE(R)RS spectra that cannot be acquired directly from Ag colloidal solutions (e.g. 1 × 10 −10 M TMPyP by 1 s accumulation time, phospholipid DSPC) were obtained. Despite the spectral irreproducibility and problems with spurious bands in some cases, SERS microspectroscopy of studied biomolecules using dried Ag colloid/adsorbate systems improves SERS applicability and sensitivity in comparison to measurements directly from Ag colloidal solution.
